Very few reports have been published on lifetime risk (LTR) of stroke by blood pressure (BP) group. This study included participants in the Radiation Effects Research Foundation Adult Health Study who have been followed up by biennial health examinations since 1958. We calculated the LTR of stroke for various BP-based groups among 7847 subjects who had not been diagnosed with stroke before the index age of 55 years using cumulative incidence analysis adjusting for competing risks. By 2003, 868 subjects had suffered stroke (512 (58.9%) were women and 542 (62.4%) experienced ischemic stroke). BP was a significant factor in determining risk of stroke for men and women, with distributions of cumulative risk for stroke significantly different across BP groups. The LTR of all-stroke for normotension (systolic BP/diastolic BP o120/80 mm Hg), prehypertension (120-139/80-89 mm Hg), stage1 hypertension (140-159/90-99 mm Hg) and stage 2 hypertension (4160/100 mm Hg) were 13.8-16.9-25.8-25.8% in men and 16.0-19.9-24.0-30.5% in women, respectively (Po0.001 among BP groups in both sexes). The estimates did not differ significantly (P¼0.16) between normotensive and prehypertensive subjects. One in five Japanese atomic bomb survivor subjects experienced stroke over their lifetime from the age of 55 years. Long-term stroke risks were elevated in those with hypertension (4140/90 mm Hg) at any of the index ages of 45, 55, 65 and 75 years.
INTRODUCTION
Stroke mortality is higher in Japan than in other developed countries, 1 and the incidence of stroke among Japanese subjects has remained high in recent years, especially in the elderly. 2 With aging of the population, stroke has become an ever more important health burden in Japan, and thus activities aiming at stroke prevention require urgent attention. Elevated blood pressure (BP) has emerged as one of the prominent risk factors for stroke. 3 Lifetime risk (LTR) estimates, which represent risk of the disease of interest and adjust for competing risk of death from other causes, provide a simple conceptual basis for estimating absolute risk of developing a disease during the remainder of one's life. 4 Estimating the LTR in relation to known risk factors for stroke, such as hypertension, can help to highlight the magnitude and influence of these risk factors and the public health burden associated with them. Past estimates of the LTR of stroke in relation to known risk factors and the corresponding burden on the population, however, are limited. [4] [5] [6] The objectives of this study were to determine the LTR of stroke and to clarify long-term effects of BP levels at midlife in a Japanese population from the Adult Health Study (AHS) of atomic bomb survivors.
METHODS

Study population
The Radiation Effects Research Foundation (RERF; formerly the Atomic Bomb Casualty Commission or ABCC) established a longitudinal Life Span Study cohort consisting of 120 321 Japanese atomic bomb survivors in 1950 7, 8 and its subcohort, AHS, consisting of 19 961 survivors in 1958. The AHS includes individuals exposed to a wide range of radiation doses; about half were within 2 km of the hypocenter (proximal exposure), a quarter were at distances of more than 3 km (distal exposure) and a quarter were not in the city at the time of the bombings. The AHS includes biennial health examinations and complete follow-up with respect to death. Of all subjects, more than 70% have continued to participate in each 2-year examination cycle.
To parallel methodologies used in other studies of the LTR, our primary interest was to evaluate risk of stroke starting at an index age of about 55 years. Because of the biennial nature of our clinical health examinations, and to be able to utilize BP measures at the index age, we defined index ages using 2-year intervals (for example, 55.0-56.9 years old (y.o.)). In addition to an index age of 55 y.o., we looked at similar index age intervals for the following: 45 y.o. (45.0-46.9), 65 y.o. (65.0-66.9) and 75 y.o. (75.0-76.9). As subjects needed to have an exam with BP measurements and be stroke free and alive at an index age, the number of subjects varied for corresponding index age-associated cohorts. For the 55 y.o. index age cohort, 7487 participants were identified as being stroke free and alive at the index age, and had BP measurements at the corresponding index age-associated clinical examination during the study period between 1 July 1958 and 31 December 2003. Participants were monitored until they developed their first-ever stroke, which was identified at the examination or by death certificate, died, or until their most recent RERF evaluation before December 2003, whichever came first. Informed consent was obtained from all participants, and the Ethics Committee at RERF approved this study.
To complete our surveillance of non-fatal and fatal events, diagnosis at each examination and underlying and contributing causes of deaths based on death certificates during the study periods were coded according to the International Classification of Disease (ICD) codes in the RERF database. The ICD codes of stroke-related disease are 330-332, 334, 352 and 435 (ICD-7), 333, 430-434, 436 and 438 (ICD-8), 430, 431 and 433-438 (ICD-9), and G45, I60, I61, I63-66 and I69 (excluding I698; ICD-10). All potential non-fatal stroke cases with these codes were systematically reviewed by one researcher (IT) regarding experience of stroke events, such as rapidly developed clinical signs of focal disturbance in cerebral function lasting more than 24 h (unless interrupted by surgery or death) without apparent cause other than vascular origin (for example, blood disease, brain tumor, or brain metastases). We did not consider the following symptoms as sole evidence of focal dysfunction: dizziness, vertigo, localized headache, blurred vision, dysarthria, impaired cognitive function (including confusion) or seizures according to the definitions of typical/atypical stroke symptoms in the World Health Organization (WHO)-initiated Monitoring of Trends and Determinants in Cardiovascular Disease (MONICA) Projects. 9, 10 Identified stroke cases were further classified by subtype of stroke based on participants' accepted diagnostic information (autopsy, computed tomography (CT) or magnetic resonance imaging (MRI) scan conducted outside of RERF, death certificate and clinical information centrally collected by one neurologist 11 ). In addition, an external collaborating neurologist (TO) oversaw this process.
Baseline examination
Sitting BP was measured in the left arm after an adequate sedentary period. BP groups were defined using systolic BP (SBP) and diastolic BP (DBP) in accordance with criteria from the Seventh Report of the Joint National Committee on the Prevention, Detection, Evaluation and Treatment of High Blood Pressure (JNC 7) classification: 12 
Statistical analysis
Gender-specific analyses of LTR of stroke and its subtypes (hemorrhagic vs. ischemic stroke) in the various index age cohorts were carried out using cumulative incidence analysis, adjusting for the competing risk of non-stroke death. Estimates and their associated estimated standard errors derived for the risk of stroke at 10, 20, 30 and 40 years after the index age as well as the LTR were generated using the cmprsk, add-on package in R. 13 This is one of the recommended tools for cumulative incidence analyses that can take into account competing events and also compare the cumulative incidence of a particular type of event among different factors or groups. [14] [15] [16] Stroke incidence was analyzed by 3 different periods to address potential diagnostic differences as well as potential cultural changes in lifestyle : 1950-1977 vs. 1978-1989 vs. 1990 or later. 17 Descriptive summary statistics and graphical analyses were used to assess each of the variables across all subjects as well as by gender. Differences in continuous variables between groups were assessed using two-sample t-test when assumptions did not hold and sufficient transformations were not possible. The w 2 -tests were used to assess relationships between categorical variables. All statistical analyses were performed using the statistical software R program (R version 2.11.1). 13 
RESULTS
Subject characteristics
The characteristics of the study cohort used in the analyses in terms of BP categories, serum total cholesterol levels and body mass index are shown in Table 1 for each of the index age cohorts. As our primary interest was evaluating LTR of stroke estimates from an index age of about 55 y.o. in order to be analogous to other similar studies, results presented here focus on that index age cohort unless indicated otherwise. Only 24.5% of subjects were classified as normotensive using the JNC 7 BP categories, and 40.7% had stage 1 or stage 2 hypertension. There were statistically significant differences in distribution of BP factor levels between men and women (Po0.001), with a higher percentage of men classified as having stage 1 or 2 hypertension (45.5 vs. 38.0% in women). Women had significantly higher serum total cholesterol levels and body mass index than men (Po0.001 for both comparisons).The median follow-up time for event-free subjects was 16.1 years (range: 1 day-42.1 years), with 3954 subjects experiencing either stroke or death event. A total of 868 strokes (38% cases were identified using only information from death certificates) and 3086 cases of non-stroke-related death occurred as of December 2003.
Stroke subject characteristics
Of the 868 subjects with valid documented stroke event, 512 (58.9%) were women. Most strokes (62.4%) were ischemic, with 26.6% (231 participants; 146 women) developing hemorrhagic stroke. A total of 38 subarachnoid hemorrhage events (28 women) were included in the overall category of hemorrhagic stroke. The subjects experienced stroke not otherwise specified, and these cases often had insufficient information to classify the stroke as either hemorrhagic or ischemic. Of the 868 strokes, 332 were verified by death certificate alone, 319 were diagnosed by neuroimaging outside of RERF, 26 were verified by autopsy, 147 were verified by medical records and 44 were verified through earlier identification by one neurologist. 11 The median age of subjects experiencing stroke was 72.0 years (range: 55.4-98.4 years). There were significant differences in age of first stroke by stroke subtype (Po0.001). The median age of first event was 69.6 years (range: 56.2-96.4 years) for hemorrhagic stroke, 71.7 years (range: 55.6-93.2 years) for stroke not otherwise specified and 73.5 years (range: 55.4-98.4 years) for ischemic stroke.
LTR of stroke
The LTR for both sexes reached similar levels at the 40-year risk estimate: one in five persons (20%; Table 2 ). Significant gender differences were observed for all-stroke incidence (Po0.001). When we evaluated strokes by subtype, however, gender differences were only observed for ischemic stroke (Po0.001). At the ages of 65 and 75 years, risks of each stroke subtype were higher for men, but the LTR were higher for women.
We stratified subjects into groups who turned 55 years of age in the first (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) , second (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) or third periods (1991+) in men. The LTR of all-stroke was significantly different by time period of baseline age (P¼0.02), but when separated into stroke subtype, none was statistically significant. In contrast, we found that the LTR of all-stroke was not significantly different by time period in women (P¼0.21), but when data were assessed by stroke subtype, there were significant differences in the risk for ischemic stroke (P¼0.006).
LTRs of all-stroke by BP group
The JNC 7 BP group at index age exam was significantly associated with the LTR of all-stroke for men and women (Po0.001; Table 3 ). Stages 1 and 2 hypertension status at baseline resulted in significantly higher risk of all-stroke in both men and women. In the stroke Lifetime risk of stroke in Japanese from the AHS I Takahashi et al subtype-specific analyses, there were significant differences in risk between men and women for hemorrhagic stroke (Po0.001 between each BP group) and ischemic stroke (Po0.001 between each BP group). Similar results were also seen for the other index age cohorts.
DISCUSSION
Our findings showed the mortality-adjusted residual LTR of stroke beyond 55 years of age was one in five involving a sample of 7487 middle-aged Japanese who have been followed up for 45 years; female stroke LTR was slightly higher compared with male LTR (20.5% for men vs. 22.2% for women). Separated into stroke subtypes, the observed probabilities were higher for ischemic stroke (one in seven for men and women) than for hemorrhagic stroke (one in 20 for both sexes). The LTR for all-stroke and stroke subtypes were similar across the other index ages. In addition, we stratified subjects into groups who turned 55 years of age in the first (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) , second (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) or third periods (1991+), because our study observation period corresponded to rapid westernization in Japan and drastic changes in risk-factor profiles due to widespread use of antihypertensive drug therapy. 18 We found differences in risk for stroke and stroke subtype by gender and time group, which may support a past report indicating that risks of any stroke subtype have leveled off during the last few decades. 19 However, we were unable to draw conclusions on different risks by time group because of the inadequate number of cases available for analysis, especially for men.
A few reports have been published on the LTR of stroke from the Rotterdam Study (6-year follow-up), 5 the Framingham Study (450-year follow-up) 4 and the Suita Study (17-year follow-up); 6 and the LTR of stroke in our study was similar to the reported results from the these studies (about 20% for both men and women of 55 years of age). Male gender has been considered an important risk factor for stroke, 20 but the higher LTR in women of 55 years of age in the AHS has been attributed to the longer life span of women. There may be, however, other potential reasons that women are at greater risk than men for atrial fibrillation-related thromboembolic events. 21, 22 Elderly women (above age 85 years) were observed to have higher stroke incidence than that in men. [23] [24] [25] Our LTR estimates emphasized that the LTR remains a major threat and public health burden for Japan's aging society, especially for women.
Our longitudinal study using LTR estimates indicated that hypertension in midlife (40s, 50s) remained a risk factor for stroke compared with normotensive subjects, which supports a past report indicating that elevated BP in the 40s is suggested to have the so-called 'carryover' effects on stroke incidence for subjects when they reach their 60s. 26 Moreover, our findings suggested that stroke risk of subjects with prehypertension in their 50s, but not for such subjects in their 40s, was similar to that of normotensive subjects. Recent studies about relationship between elevated BP and PAF for stroke incidence of Japanese in the Japan Public Health Centre study 27 and the Circulatory Risk in Communities Study 28 suggested that the 29 Those controversial issues regarding prehypertension impact on stroke events could be because of white coat hypertension and the potential impact of fluctuations in BP levels after midlife that may affect stroke incidence. Further analysis of the relation between BP fluctuation and stroke could shed light on the issue whether early BP control over normal levels at midlife could be beneficial for prevention of stroke incidence. Our study has several strengths, including a large population not preselected for existing disease or occupational fitness, a 45-year follow-up with biennial health examinations and virtually complete mortality ascertainment. In addition, we believe medical surveillance bias to be minimal, as the entire cohort is eligible for free, special medical care. Our estimates were based on simultaneously gathered data on both stroke incidence and other-cause mortality attributable to the competing risk of death in the same cohort. During recent decades in Japan, ischemic stroke has been reported to be the dominant subtype as a proportion of all strokes, being three to four times more frequent than cerebral hemorrhage, which is similar to our findings. 30, 31 The study also has several limitations and uncertainties. The possible stroke cases with stroke-related ICD codes were reviewed retrospectively. Ascertainment of stroke events from death certificates or cases before the widespread use of imaging tests (beginning around the 1970s) is of limited diagnostic accuracy and represents only a fraction of cases of incident disease. We did not consider the BP-lowering effects of antihypertensive agents because of unavailable medication information before 1990. Finally, atomic bomb survivors exposed to radiation were included in this analysis, and thus our results may not accurately reflect the general population.
In conclusion, our study suggests that hypertension at midlife among Japanese subjects confers a LTR for stroke. It is important to address this risk early when hypertension is identified to ensure that proper therapy can be initiated and stroke risk lowered.
